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Circles were marked on the unblushed side of the fruit and external color was measured initially with a chromameter (NR-3000; Nippon Denshoku, Tokyo). Color was measured again immediately after 24, 48, and 72 h of irradiation. Fruit was stored at 0 °C for 2 weeks before removal of the peel for anthocyanin analysis. Although lightness, chroma, and hue were recorded, usually only hue angle (h° = arctangent [b/a] ) is presented. Hue angle refers to the angle formed by a line from the origin to the intercept of the a (x-axis) and b (y-axis) coordinates, where 0° = red, 90° = yellow, 180° = green and 270° = blue (McGuire, 1992) , and consequently is the most appropriate means of expressing the changes in color.
Fruit peel was frozen at -80 °C, lyophilized and ground to a fine powder. Anthocyanin extraction was based on the procedure of Siegelman and Hendricks (1958) . Fifteen milliliters of a 1% HCl in methanol solution was added to 0.5 g of sample and left for 18 h at 5°C in the dark. Samples were centrifuged for 10 min at 12,000 g n . Absorbance of the supernatant was measured at 530 nm with a spectrophotometer (DU ® Series 64; Beckman, Fullerton, Calif.). A standard curve was obtained with idaein chloride (cyanidin 3-galactoside) (Carl Roth, Karlsruhe, Germany), and anthocyanin concentration was expressed as µg·g -1 DW of peel.
A hand-held penetrometer (Southtrade FT327, Alphonsine, Italy) fitted with a 11-mm tip for apples and an 8-mm tip for pears, was used to measure firmness. Fruit were weighed before and after irradiation to determine water loss.
Expt. 2 'Forelle' pear. 'Forelle' pears were also used in an experiment designed to determine whether precursor availability can affect postharvest color development. Fruit were harvested with or without attached stem and leaves. Half of the fruit without leaves were wrapped in foil. The stems of fruit with leaves (5-6) were placed in water and the entire fruit was covered with plastic to prevent moisture loss. Fruit were irradiated with HPS lights at two temperature regimes, 20/20 °C or 20/6 °C (day/night). Color was measured in the marked circles at the beginning of the experiment, and again after 168 h (7 d). Three replicates of four fruit were used for each treatment.
Development of red color in the skin of pome fruit is associated with accumulation of anthocyanin pigment, while overall fruit color is a result of the interaction between anthocyanin, carotenoid and chlorophyll pigments (Lancaster et al., 1994) . Typically, pome fruit contain cyanidin derivatives, particularly cyanidin 3-galactoside, although trace amounts of peonidin have been identified in some pear cultivars (Dussi et al., 1995; Macheix et al., 1990) .
Two main periods of anthocyanin synthesis occur during apple development. The first occurs in young fruit during cell division and is considered commercially unimportant. The second occurs during maturation and ripening when anthocyanin concentrations can increase as much as five-fold (Knee, 1972; Lancaster, 1992; Reay et al., 1998) . In 'Forelle' pears, anthocyanin concentrations, measured in four production regions in South Africa, were high in the first few weeks of fruit development but steadily dropped over the production period, with no obvious second peak in synthesis (Viljoen, 1996) .
Red pigmentation of apples can be improved after harvest using artificial lights. A range of wavelengths from UV-B (280-320 nm) to red light (680-780 nm) is effective (Arakawa et al., 1985; Dong et al., 1995; Saks et al., 1990; Siegelman and Hendricks, 1958) . Red light alone is only slightly effective in stimulating anthocyanin production, UV-B has considerable effect, and both together have synergistic effects (Arakawa et al., 1985) .
The development of a red blush on at least one side of the fruit of some apple and pear cultivars is required for market acceptance. Since South Africa is in one of the warmest areas in the world producing pome fruit, achieving this color standard is a challenge to producers. Consequently, the purpose of this work was to improve our understanding of anthocyanin synthesis in pome fruit cultivars by using postharvest irradiation. We hypothesized that pears would respond to postharvest irradiation as do apples, and that red blush could be improved in 'Forelle' pears.
Materials and Methods
All fruit were harvested from farms located in the Western Cape, South Africa (lat. 33°S, long. 19°E), which has a Mediterranean climate. 'Forelle' pears, and 'Braeburn' and 'Cripps' Pink' (marketed as 'Pink Lady') apples were harvested from the inside of trees on three different farms near Ceres. Poorly colored 'Red Anjou' and 'Bon Rouge' pears were picked from orchards near Ceres, and 'Forelle' pears used in a separate experiment were harvested from an orchard in Somerset West.
Expt. 1. 'Cripps' Pink' and 'Braeburn' apples, 'Forelle' pear. ' Cripps' Pink' apples were subjected to UV-B (4 × 40 W bulbs, 280 nm, FL 20 SLB/18 chemical; Taiwan FluoresExpt. 3 'Red Anjou' and 'Bon Rouge' pear. Forty poorly colored 'Red Anjou' and 'Bon Rouge' pears were placed in a growth chamber at 20 °C immediately after harvest. Half were irradiated with HPS lights for 72 h and half were not. Circles were marked on the fruit, and color was measured at the start of the experiment and again every 24 h for 72 h.
Statistical analysis. Statistical analysis was performed on difference in hue angle and anthocyanin concentrations, using the General Linear Models (GLM) procedure (SAS Institute, 1996) .
Results and Discussion
Expt. 1A. 'Cripps' Pink' apples. Red color development in 'Cripps' Pink' apples improved with increasing periods of irradiation, but the response was affected by lamp type. The hue angle (4.2°) of fruit subjected to UVB+I had decreased slightly after 72 h of irradiation (P < 0.0397). Irradiation with HPS lamps resulted in much redder fruit; hue angle had decreased by 30° to a final value of 56.5°a
fter 72 h of irradiation (Table 1 ). The increase in anthocyanin concentration was slower with UVB+I irradiation, reaching a maximum concentration of 155.9 mg·g -1 after 72 h exposure vs. 271.8 µg·g -1 following exposure to HPS lights (Table 1) .
In preliminary experiments using UVB+I light, we were unable to stimulate anthocyanin synthesis in apples, contrary to published data (Arakawa et al., 1985 (Arakawa et al., , 1986 Chalmers and Faragher, 1977; Dong et al., 1995; Saks et al., 1990) . Consequently, HPS and UVB+I lights were compared. Since the former were more effective in stimulating anthocyanin synthesis, they were used for the remainder of the work. The UV light was probably absorbed by the acrylic layer between the light source and the fruit, but this could not be confirmed.
Expt. 1B. 'Braeburn' apples. 'Braeburn' apples stored at -0.5 °C for 4 weeks prior to irradiation were significantly redder (hue angle decrease of 23°), and anthocyanin concentration had more than doubled, after 72 h of irradiation with HPS light (Table 2) . Although red color also increased in fruit stored at -0.5 °C for 8 weeks prior to irradiation (hue angle change of 14.7°), the increase was significantly less than for fruit stored for 4 weeks. The initial hue angle of apples stored for 8 weeks prior to irradiation was similar to that of fruit stored for 4 weeks, but the initial anthocyanin concentration was higher. This had increased ≈40% after 72 h of irradiation.
From a practical point of view, fruit used in postharvest irradiation experiments are frequently stored at low temperatures prior to exposure to light, as described by Dong et al. (1995) . Low temperature plays a major role in anthocyanin synthesis (Blankenship, 1987; Creasy, 1968; Lancaster, 1992; Saure, 1990) . Bishop and Klein (1975) found that the ability of apples to synthesize anthocyanin under light decreased sigmoidally with time of storage prior to irradiation. Arthur (1932) found that fruit did not color after ≈7-8 weeks of cold storage. Although the response of our Table 1 . Effects of irradiation with either UV-B plus incandescent lights (UV-B+I) or high-pressure sodium lights (HPS), on the hue angle and anthocyanin concentration of 'Cripps' Pink' apples irradiated immediately after harvest. Control fruit were held in the dark for 72 h prior to measurement (Expt. 1). fruit to postharvest irradiation was less intense after 8 weeks at -0.5 °C, the hue angle still decreased. Ground color changed from green to yellow as storage was prolonged, as a result of chlorophyll degradation. Expt. 1C. 'Forelle' pears. In contrast to results with both 'Cripps' Pink' and 'Braeburn' apples, no increase in red color was observed in 'Forelle' pears irradiated after 4 or 8 weeks at -0.5 °C; hue angle decreased only slightly (Table 2) . Although these decreases were statistically significant for fruit stored for 8 weeks, hue angle changed from 104° to 100°, indicating yellowing, rather than red color development. Anthocyanin concentrations were similar between irradiation times and storage periods (Table  2) . Although anthocyanin concentration did not increase in response to irradiation, the initial concentration was higher in 'Forelle' pears at the start of the experiment than in 'Cripps' Pink' (Table 1) or 'Braeburn' (Table  2) apples. Masking of anthocyanin pigments by chlorophyll has been suggested as an explanation for poor color. However, temperature and irradiation treatments often caused a reduction in chlorophyll, increasing the visibility of anthocyanin.
Fruit firmness was not affected by irradiation treatments (data not shown). Water loss increased with treatment, but never exceeded 1% in apples. Water loss was slightly more severe in 'Forelle' pears, losses of 3% occurring after 72 h of irradiation. Thus, the effect of irradiation on fruit physiology was minimal.
Expt. 2. Effect of leaves on response of 'Forelle' pear. The decrease in hue angle was greater in exposed 'Forelle' pears without leaves than in fruits with leaves or those covered with foil (Table 3) . Anthocyanin synthesis was not, however, induced by these treatments; the change in hue angle indicated a change from green to yellow. The fluctuating temperature (20/6 °C) resulted in more yellowing than did 20 °C, but did not stimulate anthocyanin synthesis.
Expt. 3. 'Red Anjou' and 'Bon Rouge' pear. Since no improvement in color was measured after irradiation of 'Forelle', poorly colored 'Red Anjou' and 'Bon Rouge' pears were irradiated in another attempt to evaluate the potential for postharvest color improvement. The hue angle of 'Red Anjou' pears was not affected by irradiation (data not shown) and that of 'Bon Rouge' slightly decreased after 72 h of irradiation, but remained unchanged in the dark. Final hue values of 'Bon Rouge' pears were not significantly affected by irradiation.
To the best of our knowledge, responses of pears to postharvest irradiation have not been reported. Dussi et al. (1995) tested light qual- Table 3 . Effect of irradiation with high pressure sodium lights (HPS) for 168 h at 6 °C/20 °C or 20 °C on color development of 'Forelle' pears either still attached to a stem segment with leaves, or without the stem segment but with or without foil (Expt. 2). ity on 'Sensation Red Bartlett' pears by attaching different filters to the fruit a month prior to harvest. They reported that wrapping fruit in foil (opaque) or the use of filters increased anthocyanin concentrations slightly. This suggests that light intensity during this period was not a critical factor in anthocyanin synthesis. In a bagging experiment, Marais (1995) found that 'Forelle' pears exposed to light for the first 90 d, then bagged, lost all red color and were as green as the fruit that had been bagged for the whole season. However, fruit that were bagged for the first 60 d, and then exposed to sunlight, developed red color if exposed for longer than 30 d during the period immediately prior to harvest. Perhaps longer irradiation periods at high intensities and at different wavelengths are needed for appreciable anthocyanin synthesis in pears. 
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